The plasmid-determined inducible alkane hydroxylase of Pseudomonas putida resolved into particulate and soluble fractions Bacteriol., 126: 794-798, 1976), these results allowed us to assay three plasmid-determined inducible activities: soluble alkane hydroxylase (alkA ), particulate alkane hydroxylase (alkB ), and particulate alcohol dehydrogenase (alkC-). Growth tests and in vitro complementation assays revealed three groups of plasmid mutations that block expression of alkane hydroxylase activity: alkA, which so far includes only the alk-7 mutation; alkB, which includes alk-181 and 11 other mutations; and a pleiotropicnegative class, which includes nine mutations that lead to loss of alkA 4, alkB , and alkC+ activities. Thus, the alk-gene cluster found on IncP-2 plasmids contains at least four cistrons. We believe it is significant that two of these determined the presence of membrane proteins. The accompanying paper shows that these loci are part of a single regulon.
To study the molecular biology of bacterial interactions with hydrophobic growth substrates, we have chosen the plasmid-determined alkane pathway of Pseudomonas (6, 18) .
The first two steps of this pathway (RCH:, RCH2OH -* RCHO -RCOOH -*/, 3-oxidation) are inducible by substrates or their analogs in strains that carry the plasmid alk+ genes (11) . These loci were originally found on the nontransferable Tra-IncP-2 plasmid OCT (6), but it is possible to isolate them on recombinant transferable Tra+ IncP-2 plasmids carrying antibiotic resistance or camphor degradation markers (5, 12 ; M. Fennewald, S. Benson, and J. Shapiro, in D. Schlessinger, ed., Microbiology-1978, in press). Both chromosomal and plasmid mutations affect growth on alkanes, but only the latter appear to cause specific defects in alkane utilization (Fennewald et al., in press).
Induction results in the appearance of two new enzyme activities -an alkane hydroxylase first described by Coon and his colleagues (1, 10) and a particulate nicotinamide adenine dinucleotide-independent alcohol dehydrogenase (4). Coon's group has resolved the hydroxylase activity into three components, a reductase, a rubredoxin, and a phospholipid-requiring cytochrome-like protein (15, 16) . We have shown that two different alkane hydroxylase mutants will complement each other in vitro and that complementation activity in both strains is inducible (3) . Including the inducible alcohol dehydrogenase, the Pseudomonas alkane system therefore involves at least three inducible activities.
To extend our studies of alkane catabolism and its regulation, we had to characterize further both the inducible alkane hydroxylase activity and mutants affected in that activity. In this paper, we confirm the identification of at least two plasmid alkane hydroxylase loci: alkA, determining a soluble component, and alkB, determining a particulate component. The accompanying paper shows that these loci and the alkC gene, determining inducible particulate alcohol dehydrogenase activity (formerly called alcO; 4, 11, 18) , respond to the same regulatory product(s) of one or more plasmid genes (19) . scribed in previous publications (2-4, 11, 14; Fennewald et al., in press) and in Table 1 .
Microbiological procedures. Media, culture conditions, growth tests, induction procedures, and nitrosoguanidine mutagenesis have all been described previously (3, 4, 11, 14) . For nitrous acid mutagenesis, we used the procedure of Miller (13) . We selected spontaneous auxotrophic mutants of P. putida by using two cycles of a penicillin selection method, using both carbenicillin (2 mg/ml) and cefalothin (2 mg/ml).
Chemicals. Most of the chemicals used are described in previous publications (4, 11, 14) . Purified spinach reductase and spinach ferredoxin were obtained from Sigma Chemical Co., as were lysozyme, deoxyribonuclease, and ribonuclease.
Genetic crosses. Routine bacterial conjugations and transductions were carried out as previously described (2, 11) . To mobilize the alk-7 mutant of the Tra-OCT plasmid, we used a Tra+ IncP-2 drug resistance plasmid, R931 (12) , in a triparental cross. Strains Pp 525 his (OCT alk-7) and PpS772 met (R931) were grown together overnight in tryptoneyeast extract broth; then an equal volume of an overnight culture of PpS445 trp alcA81 was added, incubation was continued for 8 h at 30°C, and samples of the mixture were then plated on PAtryptophan-nonanol agar to select for transfer of the plasmid alkC+ marker into PpS445. Exconjugants were then tested by standard procedures to find those that had not inherited R931.
Preparation of cell extracts. Cells were grown on solid medium and induced by alkane vapors or grown in PA-pyruvate medium and induced by dicyclopropyl ketone as previously described (3, 11) . Sonic extracts were prepared as described by Benson (14) NTG mutant of PpS70 (11) NTG mutant of PpG1 (11) NTG mutant of PpS125 (11) NTG mutant of PpS126 (11) NTG mutant of PpS126 (11) NTG mutant of PpS126 (11) NTG mutant of PpS126 (11) a Not described in other publications. Nomenclature follows the usage of reference 12 and our previous publications. Allele numbers for specific mutations correspond to the first strain in which they were isolated. The IncP-2 plasmids in most of these strains are described more fully by Jacoby and Shapiro (12) .
Parentheses after a strain number in the last column give the reference in which we first described that strain. WT (4) . LiCl-stabilized spheroplasts were prepared by the method of Cheng et al. (7) and lysed by a 50-fold dilution into hydroxylase assay buffer. Lysozyme-treated cells (1 mg/ml for 20 min at 30°C) were subjected to several cycles of freezing in an acetone-ethanol-dry ice bath and thawing at 30°C, after which they were incubated for 10 min at 30°C with ribonuclease and deoxyribonuclease (10 jig/ml each). Whole cells were removed from any of these crude extracts by centrifugation at 1,000 x g for 30 min at 4°C. The cell-free extracts were separated into S200 and P200 fractions by centrifugation at 200,000 x g for 60 min at 2°C in a Sorvall T865 rotor. The P200 fraction was resuspended in hydroxylase assay buffer. All extracts were stored at 4°C unless otherwise noted and generally assayed the same day they were prepared. For ammonium sulfate precipitation, solid (NH4)2SO4 was added to the desired concentration, and the mixture was stirred at 0°C for 20 min, then allowed to stand for 40 min, and finally centrifuged at 27,000 x g for 30 min at 0°C. The precipitates were resuspended in 0. 
RESULTS
Fractionation of alkane hydroxylase activity. Four lines of evidence suggested that it should be easy to fractionate the inducible plasmid-determined alkane hydroxylase into soluble and particulate components by ultracentrifugation: resolution of P. putida PpG6 alkane hydroxylase into soluble and phospholipid-requiring proteins (15, 16) , the work of van Eyk and Bartels on P. aeruginosa 473 alkane hydroxylase (19) , our in vitro complementation assay (3) , and analogies to other mixed-function oxygenase systems (8) . Table 2 shows that this is indeed the case. The degree of separation depends on the method of lysis. With osmotically lysed cells, the 200,000 x g supernatants and pellets are essentially devoid of activity, but mixing and sonically treating these fractions restores activity to levels higher than those found in the initial cell-free extracts. The low level of activity detectable in the S200 fraction of extracts prepared by sonic treatment probably indicates the presence of small, nonsedimented membrane fragments.
A second method of alkane hydroxylase fractionation used the in vitro complementation assay (3) . Different (NH4)2SO4-precipitated fractions were tested for alkane hydroxylase and complementation activity with alk-7 and alk-181 mutants. Table 3 shows that 10% (NH4)2SO4 will salt out a complete hydroxylase complex, 45% (NH4)2SO4 will then salt out complementation activity for the alk-181 mutant with 90% specificity, and 65% (NH4)2SO4
will then salt out only complementation activity for the alk-7 mutation. (11) , and the S200 of a lysozyme freeze-thaw extract was subjected to (NH4I20S4 fractionation. This particular S200 was made from a very dense cell suspension and had unusually high alkane hydroxylase activity. The alk-7 and alk-181 strains were induced by growth on minimal-pyruvate agar in the presence of alkane vapors (3), and cell-free sonic extracts were used for these assays.
J. BACTERIOL. Table 4 . Although the S200 fraction of the sonically treated wild-type cells had significant activity in this particular experiment, it is clear that the S200 fraction complements the alk-7 defect and the P200 fraction complements the alk-181 defect. Thus, the alk-7 mutation affects the activity of one or both soluble hydroxylase proteins, and the alk-181 mutation affects the activity of a particulate hydroxylase protein.
Complementation of alk-7 and alk-181 mutants by spinach proteins. Peterson et al. (15) had shown that spinach reductase will substitute for P. putida reductase in the partially purified hydroxylase system. To further identify the proteins affected by the alk-7 and alk-181 mutations, we attempted complementation by a crude extract of spinach proteins. Table 5 shows that spinach proteins complement the alk-7 defect very well but not the alk-181 defect. Testing purified spinach reductase and ferredoxin against both a cell-free extract and the P200 fraction from an alk-7 strain gave two interesting results (Table 6 ). First, spinach reductase alone will not complement the alk-7 defect in cell-free extracts. This result is not compatible with the alk-7 mutation causing a specific defect in the reductase component (cf. 15). Second, spinach reductase plus spinach ferredoxin will completely replace all soluble hydroxylase proteins and complement the P200 fraction of an alk-7 strain. We do not know why the two spinach proteins were active in our system but not in the partially purified system of Peterson et al. (15) .
Characterization of different plasmid alk mutants. We have isolated several dozen alkane-negative mutants from nitrosoguanidinetreated cultures of strains carrying various alk+ IncP-2 plasmids. We know that many of these mutants carried chromosomal mutations, because plasmid transfer to another strain yielded the Alk+ phenotype or the growth defect could be shown to reside in a later step of the oxidation pathway (11; Fennewald et al., in press ). In all but three of the remaining mutants, we have been able to confirm the plasmid location of the alk mutation by at least one of the following tests: (i) plasmid transfer to a second strain, (ii) plasmid curing by introduction of another IncP-2 plasmid, or VOL. 132, 1977 on July 9, 2017 by guest http://jb.asm.org/ Downloaded from (iii) cotransduction of the alk marker with a second alk mutation known to reside on a plasmid. With the first mutants we isolated of the Tra-OCT plasmid (6), these tests were more difficult. However, the mutants in which the plasmid location of the alk lesion has not been rigorously demonstrated do not differ detectably from similar mutants on which these tests have been performed. Because of its importance, genetic analysis of the alk-7 mutation will be discussed more extensively below.
We have previously described how alk mutant plasmids can be tested for growth in different host strains to determine which step(s) in the oxidation pathway the specific mutations affect (4, 11) . Table 7 summarizes the results of ( Growth tests were performed as described previously (14) . Note that a chromosomal alcA+ allele permits growth on nonanol in the absence of plasmid function (11) so that the activity of alkane hydroxylase can be scored independently of the plasmid-determined alcohol dehydrogenase enzyme.
Mutant plasmids were routinely crossed into alcA and alcA recipients after isolation from CAM-OCT or pMF585 to check both the plasmid location and the specificity of the mutational block. ' Leaky mutations. J. BACTERIOL. + on July 9, 2017 by guest http://jb.asm.org/ Downloaded from these tests on 23 reverting alk mutations. Two of these mutations (alkC116 and alkC173) cause specific blocks in alcohol dehydrogenation and are the subject of a previous paper (4). Eight mutations specifically block alkane hydroxylation, eleven mutations block both steps, and two mutations may cause defects in both steps or only in hydroxylation.
Hydroxylase assays of induced strains carrying these mutations, including complementation tests with alk-7 and alk-181 extracts, extend our conclusions from the growth tests ( Table 8 ). Strains that are leaky for growth and must be scored on replica plates in 1 day also show low but real levels of enzyme activity. On the basis of these assays, there are three distinguishable groups of mutations. The alkA class contains a single mutation, alk-7, because strains with this mutation complement all other mutants with a specific hydroxylation defect. The alkB class contains 11 mutations, all of which complement alkA7 but not each other. Except for alkB208, all these mutations (9) . Proof that alkA7 is a plasmid mutation. Because we have only a single alkA mutation that was isolated in the Tra-OCT plasmid, we were concerned to prove that this mutation is in the plasmid alk region. This was important because alkA + activity is inducible (3) , and the existence of a chromosomal mutation specifically blocking that activity would mean that both chromosomal and plasmid genes respond to an alkane-specific regulatory system. Attempts to cross the mutant OCT plasmid from auxotrophs of the original PpS7 mutant strain (selecting for alkC+) were unsuccessful. However, introduction of another IncP-2 plasmid, R931, into a PpS7 auxotroph permitted the mobilization of the alkA7 OCT [2] [3] [4] that the alkB+ activity corresponds to the phospholipidrequiring, cytochrome-like protein described by Ruettinger et al. (16) . The alkA7 defect probably does not involve bacterial reductase alone, because it is not corrected by spinach reductase as described by Peterson et al. (15) . The alkA7 mutation may eliminate either bacterial rubredoxin or both the rubredoxin and reductase. Unfortunately, there have been no published induction experiments on these two proteins identified by enzyme activity.
A striking feature of the Pseudomonas alkane system is the involvement of membrane proteins found in the particulate fraction of cell extracts. This is true of both alkane hydroxylase (Tables 2 and 3 ) and alcohol dehydrogenase (4) activities. Other mixed-function oxygenase systems also involve membrane proteins (8) . Interestingly, it is the membrane component of the hydroxylase that seems to contain the substrate specificity of the complex, because the soluble proteins can be totally replaced by spinach proteins (Tables 5 and 6 ). Our preliminary experiments on separation of inner and outer membranes of P. putida indicate that the alkB activity is in the cytoplasmic membrane (as expected from the requirement for reduced nicotinamide adenine dinucleotide cofactor), and preliminary gel analysis of proteins in alk + and alk cultures indicates that there are at least three inducible membrane peptides and at least one inducible soluble peptide determined by alk+ genes (Benson, unpublished observations) .
Although our characterization of the Pseudomonas alkane system is far from complete, all our results to date are consistent with a model of alkane oxidation (at least to aldehyde! occurring in the cytoplasmic membrane (4) . If this is true, then there may also be regulatory interactions between the substrate-inducer and alk+-encoded membrane proteins. We now have plasmid mutations altering inducer specificity (9) and are searching for the proteins encoded by the mutant loci. We expect that both enzymatic and regulatory membrane proteins will play an important role in many microbial systems for the degradation of hydrophobic substances.
